ABSTRACT. This study was undertaken to determine the inheritance of a glabrous trait discovered in yellow straightneck summer squash (Cucurbita pepo L.) in 1992 and to compare trichome distribution and anatomy and morphologic features that relate to productivity in glabrous and nonglabrous genotypes. Inheritance data from 1994, 2003, and 2004 confirm that the glabrous trait is inherited as a single gene recessive, designated gl-2, but that in some segregating F 2 populations with a zucchini or caserta (C. pepo ssp. pepo) background, there is a deficiency of glabrous segregants. Nonglabrous (NG) plants bore numerous trichomes on stems, petioles, leaf blades, and fruit. Trichomes were simple (unbranched), and most were either conical and unicellular or small filiform and multicellular (two to five cells). However, some larger multicellular trichomes with compound feet were found on major leaf blade veins and along vein tracts of petioles. Large, multicellular trichomes with compound feet were only occasionally present on leaf blades and petioles of glabrous (G) plants, and other trichome types were much reduced. This reduction gives fruit and foliage a smooth, waxy feel and largely eliminates trichome damage to fruit and skin irritation to workers during harvesting. Leaf number, staminate to pistillate flower ratios, and fruit size were not significantly different between glabrous (gl-2/gl-2) and nonglabrous (Gl-2/gl-2) backcross (BC) genotypes. In one of two BC populations, pistillate flowering was 2 d earlier in NG as compared with G plants. The glabrous gene reduced the size of leaf blades in two BC populations; however, differences in total leaf areas were not statistically significant at P = 0.05. A comparison of leaf numbers and size among G and NG parental plants and reciprocal F 1 hybrids derived from three separate crosses did not reveal a consistent effect of the gl-2 gene on plant morphology. Earliness and productivity of the best glabrous hybrids were similar to that of popular commercial cultivars.
Trichomes are epidermal hairs found on the surface of nearly all plants. They are used widely in plant taxonomy. Trichome initiation is an early event in leaf organogenesis first characterized by epidermal cell enlargement and then outgrowth and extension perpendicular to the leaf surface (Hülskamp et al., 1994; Szymanski et al., 1999) . Depending on trichome type, branching and further growth may occur. Possible functions attributed to trichomes include modulation of temperature, water loss and photosynthesis through changes in light reflection (Kelsey, 1984) , and deterrence of insect herbivores through glandular secretions and entrapment (Eisner et al., 1998; Kennedy and Sorenson, 1985; Khan et al., 1986; Lamb, 1980; Levin, 1973; Wagner, 1991) .
In Cucurbitaceae, trichomes have a variety of shapes and sizes and may either be unicellular or multicellular, branched or unbranched, and glandular or nonglandular (Inamdar et al., 1990) . Trichomes are most apparent on petioles, stems, and the underside of leaves, but finer hairs are also present on flowers, fruit, and the upper surface of leaves. Because of the often prickly nature of trichomes in Cucurbita L., they are commonly called spines and glabrous variants labeled as spineless. However, botanically, the term spine is correctly applied to woody outgrowths of stems representing modified plant organs (Featherly, 1954) . In summer squash (Cucurbita pepo), trichomes are an undesirable anatomic trait because they can cause extensive abrasion of fruit during windy weather and harvesting, and also, the prickly trichomes on most cultivars can irritate the skin of field workers. Trichomes are especially large and abundant on cultivars of yellow straightneck and crookneck squash within C. pepo ssp. ovifera (L.) Decker.
Mutations affecting either the presence or absence of trichomes or their development have been found in several plant species (Reeves, 1977; Robinson, 1978; Singh et al., 1971) , but the most extensive array of trichome mutants has been studied in Arabidopsis thaliana (L.) Heynh. (Hülskamp et al., 1994; Marks, 1997) . Some trichome mutants have been shown to display pleiotropic effects on other aspects of plant development (Koornneef, 1981; Larkin et al., 1996; Robinson, 1978) . Few mutations affecting trichome density have been reported in the genus Cucurbita. Holton (1980) reported differences in trichome density among zucchini breeding lines of summer squash. 'Spineless Beauty' and other so-called spineless cultivars of zucchini squash have been introduced by seed companies in recent years. Korzeniewska (1992) reported a single-gene recessive glabrous mutant (gl) in Cucurbita maxima Duch. ex Lam. A semidominant glabrous mutant (designated as spineless) in yellow summer squash was registered to T. H. Superak under U.S. Patent 5,959,184 (Superak, 1999) . In 1992, a glabrous mutant was discovered by J.B. Loy in an open pollinated cultivar of yellow straightneck squash. Initial segregation data supported single-gene, recessive inheritance. Some undesirable pleiotropic traits appeared to be associated with the glabrous mutation such as slower plant growth, a higher proportion of misshapen fruit, and precocious opening of the corolla. With crossing and selection over the past 14 years, the undesirable traits appear to have been either eliminated or reduced, but there have been no comparative studies to document the effect of the glabrous trait on trichome distribution in different organs and its effect on growth and development of summer squash. This study was undertaken to more thoroughly determine inheritance of the glabrous trait, to undertake a comparative anatomic study of the epidermal surface of leaves, petioles, and fruit of glabrous and nonglabrous genotypes, and to compare morphologic features in glabrous and nonglabrous genotypes that relate to productivity. (Howell et al., 2002) . In 2003, beds were seeded on 6 June. For the 2004 inheritance study, seeds were sown during the second week of June, and for the 2004 morphologic study, seeding was on 16 July and leaf data were recorded on 17 Aug.
Materials and
INHERITANCE STUDIES. Two reciprocal BC populations of yellow straightneck squash and nine F 2 populations of zucchini and caserta were used for 2003 inheritance studies at the Woodman Horticultural Farm. The BC populations segregating for glabrous and heterozygous nonglabrous plants were backcross #1: (NH139 · NH21-15G) · NH21-12-16G (S 4 ) and backcross #2: NH219-5191G (S 5 ) · (NH41-1 · NH219-5191G). The NH21 glabrous (G) lines were derived from two backcrosses to the nonglabrous (NG) inbred NH139, and the NH219-5191G line was derived from two backcrosses to the recurrent NG inbred NH41-1. The F 2 populations were generated from crosses of NG and G inbred breeding lines followed by self-pollination of the F 1 hybrids. All pollinations used standard controlled pollination techniques for cucurbits as described by Robinson and Decker-Walters (1997) . For BC populations, one seed was sown per hole. For F 2 populations, three seeds per hole were used because NG plants were eventually rogued from the populations. Glabrous and NG genotypes were recorded at approximately the sixth leaf stage of growth both visually and by running fingers along the petioles of mature leaves. The latter method was needed in some populations for separating smooth G plants from other zucchini plants segregating for a more abrasive feeling G phenotype. In plants carrying the G trait characteristic of 'Spineless Beauty' and some black zucchini lines, the surface of petioles feels slightly abrasive.
In 2004, data were collected from four segregating F 2 populations grown at the Kingman Research Farm in the same breeding plot used for the morphologic study described in the following section. All four segregating populations involved crosses between NG and G zucchini and caserta breeding lines.
MORPHOLOGIC AND ANATOMIC STUDIES. Using G and NG segregants in the BC populations, data were recorded on number of leaves per plant on four dates (14 July, 21 July, 4 Aug., and 31 Aug.) and dates when staminate and pistillate flowers first reached anthesis. Staminate and pistillate flowering over time was recorded for 16 G and 10 NG plants from each of the backcross populations over an 18-d period. Fruit size (diameter and length) at 3 d after anthesis was determined from measurements of 12 fruit per genotype for each backcross. Leaf blade measurements (width and length) were made on every other node up to the 24th node using five randomly chosen plants per genotype for each backcross. Approximate leaf areas were calculated by multiplying maximum width · length of leaf blades.
For anatomic studies, epidermal peels of leaf blades, petioles, and fruit were observed with a stereomicroscope. Semipermanent epidermal peels were made using the following procedure with Super Glue (Henkel Consumer Adhesive, Avon, Ohio): An epidermal peel was placed on a microscope slide and one drop of Super Glue was added onto the leaf surface. A cover glass was placed over the section and gently pressed down for %20 s. After %30 min, cover glasses were carefully peeled from leaves and the epidermal imprints observed. The method for making fruit epidermal peels was similar with the exception that one thin fruit slice was used for the epidermal peel. Observations of trichome anatomy were made with an Olympus SZ40 stereo microscope (Olympus America, Melville, N.Y.) and photomicrographs obtained with an attached Minolta Maxxum 7000 35-mm camera (Minolta Corp., Ramsey, N.J.).
For the 2004 morphologic study, four plant genotypes were compared in three separate populations: homozygous NG plants, homozygous G plants, G · NG nonglabrous F 1 plants, and reciprocal NG · G nonglabrous F 1 plants. The NG and G parental lines making up the three populations were as follows: 1) NH41-1 and NH219-5191G, 2) NH231 and NH21-12-16G, and 3) NH231 and NH228-314-12G. NH231 is a NG sister line to NH139. NH228-314-12G is a F 5 line derived from a cross of NH139 to a yellow straightneck G line. The three separate populations were grown in adjacent plots using randomized, complete block designs with either five or six blocks. Leaf numbers and leaf blade size were recorded after 32 d. Data were analyzed by analysis of variance using Microsoft Excel (Microsoft Corp., Redmond, Wash.).
Results and Discussion
INHERITANCE STUDIES. The G trait was discovered in a small plot of 'Yellow Prolific Straightneck' squash, the seed of which is believed to have been purchased from Willhite Melon Seed Farms some years before the planting. Two of the six plants in the small population showed the G trait. One of the NG, self-pollinated plants from the segregating population (designated YSN5) segregated for G and NG plants in 1993. Two S 2 selections were obtained from this population, YSN5-3, homozygous for the G trait, and YSN5-5, later shown to be heterozygous for the G trait. In 1994, inheritance data on the G trait were obtained from three F 2 populations and one F 1 · F 1 cross using YSN5-3 as the G parent in crosses. Segregation for the G trait in all four populations fit a 3:1 ratio expected for a simple recessive trait (Table 1) . However, no reciprocal crosses or backcrosses were made and examined closely during this period. Observations among segregating populations suggested that G plants tended to be less vigorous than NG plants. In addition, a flowering anomaly associated with the G gene was the precocious, partial opening of pistillate flowers 1 d preanthesis.
Backcross data obtained in 2003 from reciprocal crosses among yellow straightneck lines also supported single, recessive gene inheritance (Table 1) . However, F 2 segregation patterns for the G gene introgressed into populations of zucchini and caserta squash occasionally showed deficiencies in G segregants in both We have not investigated possible causes of this segregation distortion, but segregation distortion was previously reported in C. pepo for the fused vein trait (fv) and was found to be at least in part incited by slower growth of pollen tubes carrying the fv allele (Carl and Loy, 1996) .
Reduced presence of trichomes in summer squash has been reported previously. In a study of trichome density in breeding lines of summer squash, Holton (1980) observed 24.25 trichomes per 10 cm of petiole length in one parent and only 1.68 in a second parent. The presence of trichomes was dominant to reduced number of trichomes; however, trichome length appeared to be partially dominant. Segregation in F 2 populations suggested multigenic inheritance. No mention is made of glossy or smooth-textured petioles and stems associated with the reduced spines in Holton's material, and it is presumed that she was working with the type of G trait associated with 'Spineless Beauty' and known to exist in some of the black zucchini germplasm. In C. maxima, Korzeniewska (1992) reported a single recessive gene conferring the G trait, which was designated gl. We suggest that the gl mutant in C. maxima be designated gl-1 and that the G mutant described in this article be designated gl-2. The semidominant G gene described by Superak (1999) in C. pepo is phenotypically distinct from gl-2, lacking the smooth glossy feel of gl-2 petioles. We have crossed line G-19, carrying the semidominant G gene, to NH219-5191, homozygous for gl-2. The eight F 1 plants examined exhibited numerous trichomes on leaf blades and petioles, indicating that the two mutant genes are nonallelic. We suggest that the G gene reported by Superak be designated as Gl-3.
ANATOMIC DIFFERENCES. Three types of conical trichomes occurred on leaves of NG plants between the large veins ( Fig. 1B) : 1) long, filiform multicellular trichomes (a); 2) smaller, randomly dispersed, multicellular (two to three cells) trichomes (b); and 3) small unicellular trichomes (c). The larger trichomes were infrequent and randomly dispersed on the leaf blade, whereas unicellular trichomes were especially abundant along leaf veins. Only occasional large multicellular trichomes were present on the leaf surface of G plants, the small multicellular trichomes were infrequent, and most of the tiny unicellular trichomes occurred along minor leaf veins (Fig. 1C,  D) . Large, multicellular trichomes with multicellular feet were present on the main leaf veins (not shown) and contributed to the prickly nature of lower side of leaf blades. The petiole surface of NG plants ( Fig. 2A) displayed many large to moderately large conical multicellular trichomes with compound (multicellular) feet (a) and numerous smaller multicellar trichomes (b) with compound feet. Although not readily apparent in micrograph ( Fig. 2A) , the large multicellular trichomes and a majority of the small multicellular trichomes were localized along vein tracts. Only an occasional large trichome and a few small trichomes with single basal cells, almost totally confined to vein tracts, were observed on petioles of G plants (Fig. 2B) . As a result, the surface of G petioles and stems exhibited a smooth, waxy feel. This contrasts with petioles of 'Spineless Beauty' zucchini, mostly devoid of trichomes, but which retain multicellular trichome feet that protrude from the epidermis, giving stems an abrasive feel (J. B. Loy, unpublished observations).
Numerous slender, conical trichomes, three to five cells in length, were observed on the fruit surface of NG plants (Fig. 3A) , whereas trichome density was much reduced on fruit of G plants (Fig. 3B) , and the fruit surface appeared slightly glossier. Trichome distribution on fruit appears to be random and not associated with underlying vasculature. The black dots seen on the epidermal peals of the fruit surface (Fig. 3A) are remnants of glandular trichomes.
In oil seed pumpkin (C. pepo), Kolb and Müller (2004) described four types of trichomes on leaf surfaces, three of which were glandular. The nonglandular type III corresponds to the multicellular, filiform trichomes depicted on the lower leaf surface in Figure 1B in our study. Glandular trichomes were not readily detected with the epidermal peals used in our study Table 2 . Comparison of mean leaf numbers, leaf widths, leaf lengths, and leaf areas between glabrous (gl-2/gl-2) and nonglabrous (Gl-2/gl-2) segregants in two backcross populations of x Backcross #1 = (NH139 · NH21-15G) · NH21-12-16G; backcross #2 = NH219-5191G · (41-1 · 5191G).
w Paired comparisons within columns followed by the same letter are not significantly different at P = 0.05 by analysis of variance. Table 3 . Comparison of time to first flower, staminate to pistillate flower ratios, and fruit shape between glabrous (gl-2/gl-2) and nonglabrous (Gl-21/gl-2) segregants in two backcross populations of Cucurbita pepo. 44.8 ± 1.6 a 40.6 ± 2.1 a 13.8 ± 2.5 a 3.7 ± 0.7 a 3.1 ± 0.9 Nonglabrous 44.7 ± 0.9 a 37.9 ± 1.4 b 13.5 ± 4.4 a 3.5 ± 0.4 a 3.3 ± 0.9 z Staminate (S) and pistillate (P) flowers; time from seeding to first flower (d) for 16 glabrous and 10 nonglabrous plants each for backcross #1 and backcross #2. The length and maximum diameter of 12 fruit per genotype were measured on the third day after anthesis.
x Backcross #1 = (NH139 · NH21-15G) · NH21-12-16G; backcross #2 = NH219-5191G · (41-1 · 5191G).
w Mean (± standard deviation) comparisons within columns of glabrous and nonglabrous plants by analysis of variance. Paired comparisons followed by the same letter are not significantly different at P = 0.05. but could be easily observed in fresh sections. The glandular trichomes were mostly either short-stalked (40 to 70 mm) or long-stalked (130 to 180 mm) with single basal cells. In contrast, the large trichomes on petioles and major leaf veins of summer squash that contribute to their prickly nature are typically 1.0 to 2.0 mm long with thick basal, multicellular feet (0.5 to 1.0 mm wide). Most nonglandular trichomes or hairs on the fruit surface, although 0.4 to 1.2 mm in length, were slender and not objectionably abrasive to the feel.
There is sparse reference in the literature to preferential association of trichomes along vascular tracts as we have noted in C. pepo. However, the type II glandular trichome in C. pepo described by Kolb and Müller (2004) was most frequent on leaf veins, and Gómez-Guillamón et al. (2006) observed in melon that two types of glandular trichomes were mostly located on leaf veins.
MORPHOLOGIC DIFFERENCES. Overall growth habits and phenotypes of NG and G plants were indistinguishable. Although foliage of G plants appears somewhat glossier than that of NG plants, it is not easy to discern this difference through photography. The foliage difference is most noticeable on newly unfolding leaf blades and petioles of G plants, which have a lighter, more yellowish green appearance than that of NG plants. In the original G mutant line (YSN5-3) and in some G breeding lines, corollas of pistillate flowers open partially 1 d before normal anthesis (Fig. 4) . This anomaly occurs infrequently on most advanced breeding lines. Because the color of these precociously opened flowers is greenish yellow, bees do not visit them. If precocious pollination did occur, pistillate flowers would set fruit and develop normally if pollinated 1 d preanthesis.
There was no difference in main stem vegetative growth of NG and G plants as revealed from leaf counts for both BC populations (Table 2) . Nonglabrous plants in both backcross populations had both longer and wider leaf blades than those of G plants and therefore larger leaf areas (Table 2 ), but differences were statistically significant only for leaf width in backcross #2 and leaf length in backcross #1.
Time of appearance of first staminate and pistillate flowers, staminate to pistillate flower ratios, and fruit size did not differ between NG and G genotypes in the BC population #1, but pistillate flowers appeared 2 d earlier in NG genotypes in the second backcross population (Table 3) . Both G and NG genotypes in BC population #2 had a higher ratio of staminate to pistillate flowers than did those in BC population #1.
Using three different sets of parents and crosses, leaf number and size were compared in 2004 among three genotypes, an NG parent, a genetically related G parent, and the reciprocal F 1 hybrids (Table 4 ). There were no consistent differences in leaf size and leaf number associated with different dosages of the gl-2 allele. In BC population #2, leaf numbers were significantly higher in the NG parent than in either the G parent or the F 1 hybrids. However, in BC population #1, leaf numbers were significantly greater in the G line and in one of the two hybrids than in the NG line, but the differences were small. Leaf length in BC population #1 was greater in the NG parent and F 1 plants than in the G parent. In BC population #3, leaf number was slightly higher in the NG line than in the G line but differed significantly from only one of the two hybrids. Thus, it appears that growth differences between NG and G genotypes are more likely to be associated with the overall genetic background of plants rather than by pleiotropic effects of the gl-2 gene.
There may be a dosage effect of the gl-2 gene on trichome density or length as reported by Holton (1980) in comparing crosses and lines of spineless and spiny zucchini summer squash, but it likely will be necessary to develop isogenic lines to document such an effect. In comparing F 1 plants derived from NG · G crosses, and heterozygous for gl-2, with their NG parents in the Leaf dimensions taken from four most distal, fully expanded leaves.
x Randomized complete block designs with six replications for populations 1 and 3 and five replications for population 2. LSD = least significant difference. previously mentioned morphologic study, plants were subjectively rated for relative trichome density. Homozygous Gl-2 plants sometimes appeared to have more trichomes than the F 1 hybrids, but the effect was not consistent among all three populations, and relative appearance of trichomes among individual plants varied as much within each genotype as between genotypes. PRODUCTIVITY OF F 1 HYBRIDS. Several G, yellow straightneck inbred lines have been developed with a range of maturity, the bush and single stem plant habit, and appropriate elongate fruit type that is commercially acceptable. Several hybrids have been constituted from these inbreds and evaluated for yield and maturity in 2002, 2003, and 2004 . In a comparison of two of the most productive G hybrids with two productive commercial cultivars, Superpik and Fortune, early and total yields were not significantly different (data not presented). The G hybrid, NH260C, is currently in commercial production and is noteworthy for upright growth habit, lack of axillary branching, and long, slender fruit (Fig. 5) . Seed samples of NH260C can be requested from Hollar Seeds, Rocky Ford, Colo.
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